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Abstract Recent advances in the field of language-related
disorders have led to the identification of candidate genes
for specific language impairment (SLI) and dyslexia.
Replication studies have been conducted in independent
samples including population-based cohorts, which can be
characterised for a large number of relevant cognitive
measures. The availability of a wide range of phenotypes
allows us to not only identify the most suitable traits for
replication of genetic association but also to refine the
associated cognitive trait. In addition, it is possible to test
for pleiotropic effects across multiple phenotypes which
could explain the extensive comorbidity observed across
SLI, dyslexia and other neurodevelopmental disorders. The
availability of genome-wide genotype data for such cohorts
will facilitate this kind of analysis but important issues,
such as multiple test corrections, have to be taken into
account considering that small effect sizes are expected to
underlie such associations.
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The genetics of language and reading disorders
Genetic factors are expected to contribute significantly to
neurodevelopmental disorders. Recent advances in the field
have been marked by the identification of several genes as
susceptibility factors for dyslexia (or reading disability) and
specific language impairment (SLI). Dyslexia is character-
ised by unexpected difficulties in learning to read, whereas
SLI refers to difficulties in the acquisition of oral language
(Pennington and Bishop 2009). In both disorders, a
diagnosis is met in the absence of other co-occurring
medical conditions (e.g., hearing loss for SLI) or neurolog-
ical disorders (e.g., generalised learning disability) (Skuse
et al. 1997). The biology of dyslexia and SLI remains
largely unexplained, and the causes are expected to be the
results of multiple interacting factors of both genetic and
environmental origin affecting the early stages of brain
development. It is estimated for both disorders that, the
prevalence in first-degree relatives of affected individuals is
30–50%, compared to the general population prevalence of
approximately 5–10% (Barry et al. 2007; Fisher and
DeFries 2002). Dyslexia and SLI show extensive comor-
bidity. Estimates show that 40–55% of children diagnosed
with either dyslexia or SLI meet criteria also for the other
disorder (Snowling et al. 2000; McArthur et al. 2000). It
remains an open question whether common genetic factors
may contribute to clinically distinct disorders, partially
explaining the consistently observed comorbidity (Pennington
and Bishop 2009; Smith 2007).
Most of the candidate genes for dyslexia and SLI have been
identified in family-based samples through genetic association
studies targeting chromosomal regions previously mapped by
linkage studies (positional cloning approach). These associa-
tions are characterised by p values that would not stand the
magnitude of significance currently expected for genome-
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wide association studies (GWAS; P<10−7). However, consis-
tent replications in independent samples at the same locus
and often with the same genetic markers provide robust
support to these associations.
Candidate genes
Genetic linkage studies have identified several loci which may
contribute to dyslexia including DYX1 on chromosome
15q21, DYX2 on chromosome 6p21, DYX3 on chromosome
2p, DYX5 on chromosome 3p, DYX6 on chromosome 18p11,
DYX8 on chromosome 1p, and DYX9 on chromosome Xq27
(Williams and O’Donovan 2006; Scerri and Schulte-Korne
2010). SLI linkage loci include SLI1 on chromosome 16q,
SLI2 on chromosome 19q and SLI3 on chromosome 13q
(Newbury et al. 2005). Positional cloning, candidate gene
analysis and translocation breakpoint mapping have pin-
pointed candidate genes within some of these linkage regions
for both dyslexia (Scerri and Schulte-Korne 2010; Paracchini
et al. 2007) and SLI (Newbury and Monaco 2010). Some of
these genes have been analysed in population-based cohorts.
The first candidate gene proposed for dyslexia was
DYX1C1 (dyslexia susceptibility 1 candidate 1) (Taipale et
al. 2003). The breakpoint of a chromosome translocation (t
(2;15)(q11;q21)) co-segregating with dyslexia in a single
family was located between exons 8 and 9 of DYX1C1
(Taipale et al. 2003). In addition, two variants in DYX1C1,
with a putative functional effect, were identified through
association analysis in a sample of individuals with dyslexia
(Taipale et al. 2003). Replication studies in independent
samples selected for dyslexia have consistently reported
modest size associations (Dahdouh et al. 2009; Cope et al.
2005a; Meng et al. 2005a; Marino et al. 2007; Brkanac et al.
2007; Scerri et al. 2004; Wigg et al. 2004). Many of these
studies reported associations with an opposite allelic trend
which could be due to differences in linkage disequilibrium
patterns between populations (Scerri and Schulte-Korne
2010) suggesting that these two markers may detect a signal
for a different genuine functional variant.
Two genes have been proposed for the DYX2 locus
following association analysis by fine mapping in this
region in many independent samples selected for dyslexia
(Scerri and Schulte-Korne 2010; Paracchini et al. 2007);
DCDC2 (Doublecortin domain containing) (Brkanac et al.
2007; Schumacher et al. 2006; Meng et al. 2005b; Harold et
al. 2006; Newbury et al. 2011; Deffenbacher et al. 2004;
Ludwig et al. 2008) and KIAA0319 (Deffenbacher et al.
2004; Cope et al. 2005b; Francks et al. 2004). The
associations with the KIAA0319 gene are clustered around
the first exon and a single variant has been shown to
regulate the expression of this gene (Paracchini et al. 2006;
Dennis et al. 2009).
The region spanning the MRPL19 and C2ORF3 genes
was identified following fine mapping association analysis
at the DYX3 locus (Anthoni et al. 2007). Overlapping
haplotypes across this region showed association with
dyslexia in two independent samples of Finnish and
German origin. These associations have not been replicated
yet in independent studies.
The ROBO1 (Roundabout 1) gene was identified through
the breakpoint mapping of a chromosome translocation
involving the DYX5 locus in an individual with dyslexia
(Nopola-Hemmi et al. 2001). A rare single nucleotide
polymorphism (SNP) haplotype spanning ROBO1 also
segregated with dyslexia in a large multi-generational
pedigree, where the DYX3 linkage was originally identified
(Hannula-Jouppi et al. 2005). However no evidence of
association with common variants in larger cohorts have
been reported so far, suggesting that ROBO1 may be relevant
only in isolated cases (Hannula-Jouppi et al. 2005).
The associations with SLI have all been identified in one
and the same UK cohort collected by the SLI Consortium
(SLIC) (SLI Consortium 2002). Two associations were
identified by a high-density SNP screen in the SLI1 region
of linkage on chromosome 16 (Newbury et al. 2009). Two
clusters of variants showed significant associations with the
non-word repetition measure, which is a verbal short-term
memory score and is regarded as a good marker for heritable
SLI (Bishop et al. 1996). The first cluster fell within the
CMIP (C-MAF Inducing Protein) gene and the second
within the ATP2C2 (ATPase, Ca2+ transporting, type 2C,
member 2) gene. CNTNAP2 (contactin-associated protein-
like 2), on chromosome 7q, was proposed as a candidate for
SLI after being identified as a downstream target of FOXP2,
which has been implicated in severe and rare forms of
language impairment (Lai et al. 2001). The SLIC cohort was
used to evaluate the effects on language performance of the
CNTNAP2 gene, and found variants significantly associated
with the non-word repetition task (Vernes et al. 2008).
In summary, association studies in clinical cohorts
ascertained for reading and language disorders have led to
the identification of different candidate genes for dyslexia
and language impairment (Table 1). With some exceptions
(ROBO1 and FOXP2) the disorder-associated genetic
variants in the genes listed above are common alleles
which are normally found in the general population.
Comorbidity explained by genes?
Common genetic variants associated with reading and
language disorders can be used directly to investigate
whether genetic risk factors can explain the observed
comorbidity between dyslexia and SLI. One recent study
directly addressed this question by testing for association
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the same panel of SLI or dyslexia associated SNPs in cohorts
selected for either SLI or dyslexia (Newbury et al. 2011).
CNTNAP2 and CMIP were found to be associated with
reading measures but only in the SLI cohort, suggesting that
a pleiotropic effect on multiple traits would be dependent on
a background of language impairment. KIAA0319 was the
only gene that showed association with reading measures in
both the dyslexia and SLI cohorts; in addition it was found to
be associated with language measures in the SLI cohort.
These findings both support the role of KIAA0319 in
contributing to reading skills and suggest that this gene
may also contribute to language abilities. This last observa-
tion is in agreement with an independent study that reported
KIAA0319 to be associated with language-related measures
in a different cohort of language impaired individuals
(Rice et al. 2009). Interestingly, rare variants at the DYX2
locus in between KIAA0319 and DCDC2 have been found
to be associated with speech perception in children with
dyslexia (Czamara et al. 2011).
Candidate genes for dyslexia and language impairment
have also been reported to be associated with other disorders
(Table 1). CNTNAP2 has been consistently implicated in
autism with both common (Alarcon et al. 2008; Arking et al.
2008) and rare rearrangements (Rossi et al. 2008; Bakkalo-
glu et al. 2008; Poot et al. 2010; Jackman et al. 2009). One
of these studies reported a specific association with the “age
at the first spoken word” measure (Alarcon et al. 2008),
which provides an indication for late language development.
Language impairment is a distinctive symptom of autism.
CNTNAP2 has also been associated with attention deficit/
hyperactivity disorder (ADHD), Gilles de la Tourette
syndrome (Verkerk et al. 2003), mental retardation (Ballarati
et al. 2009; Zweier et al. 2009), schizophrenia and epilepsy
(Strauss et al. 2006; Friedman et al. 2008), and selective
mutism (Stein et al. 2011).
Variants in ATP2C2 (Lesch et al. 2008) and DCDC2
(Couto et al. 2009) have been associated with ADHD, and
ROBO1 showed reduced gene expression in some autistic
cases (Anitha et al. 2008).
Taken together, these studies suggest that candidate
genes underlying SLI and dyslexia may contribute to
other conditions in particular those with a neurodeve-
lopmental origin, such as autism and ADHD. Most of
these genes have been shown to be specifically
expressed during the development of the human foetal
brain and, in particular, a role in neuronal migration has
been proposed for many of the dyslexia candidates
(Paracchini et al. 2007; Galaburda et al. 2006). Neuronal
migration is an important process at the basis of cortex
development which will determine the correct location of
neurons across the different cortical layers. Therefore it
would be expected that genes controlling such a general
mechanism would have broad phenotypic effects rather
leading to specific conditions. However, the evidence for
pleiotropic effects, with the exception of CNTNAP2 which
is robustly supported, are mainly based on weak associations
reported in isolated studies which still require replication. One
of the main limitations of these studies is the small sample
size. The effect of a particular gene may be enriched in a
particular sample on a particular phenotype and, without
adequate power, effects on other phenotypes might be
hindered. An additional complication is the high variability
of psychometric measures used across multiple studies which
makes replication more difficult.
Replication studies in population-based cohorts
Population-based cohorts characterised with both genetic
data and quantitative cognitive phenotypes offer a very
Table 1 Candidate genes for dyslexia and SLI analysed in population-based cohorts
Gene Disorder Reference Other
phenotypes
Reference Population
Cohort
Associated
phenotype
Reference
DYX1C1 Dyslexia Taipale et al. 2003 ADHD Wigg et al. 2005 Australian twins Reading Bates et al. 2009
Raine Reading Paracchini et al. 2010
KIAA0319 Dyslexia Cope et al. 2005b;
Paracchini et al. 2006
Language Newbury et al. 2011;
Rice et al. 2009
ALSPAC Reading Paracchini et al. 2008;
Scerri et al. 2011a
Australian twins Reading Luciano et al. 2007
DCDC2 Dyslexia Schumacher et al. 2006;
Meng et al. 2005b
ADHD Couto et al. 2009 ALSPAC Reading Scerri et al. 2011a
Australian twins Reading Lind et al. 2010
ROBO1 Dyslexia Hannula-Jouppi et al.
2005
Autism Anitha et al. 2008 Australian twins Reading,
Language
Bates et al. 2011
CMIP SLI Newbury et al. 2009 Reading Newbury et al. 2011 ALSPAC Reading Scerri et al. 2011a
CNTNAP2 SLI Vernes et al. 2008 ADHD Elia et al. 2010 Raine Language Whitehouse et al. 2011
Autism Alarcon et al. 2008;
Arking et al. 2008
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valid alternative to investigating the role of dyslexia and
SLI candidate genes (1) (Table 1). These are usually
relatively large longitudinal cohorts with the main advan-
tage of presenting a wide range of cognitive phenotypes in
most individuals. Independent studies have shown that the
effect of some dyslexia and SLI candidates can be detected
on the normal range of variation observed at population
level using quantitative approaches. Therefore, providing
that this observation is valid for most of the susceptibility
genes, population-based cohorts can help to elucidate
whether these genes affect specific traits or have wider
effects.
Three main cohorts have been employed so far for such
studies, one in the UK and two in Australia. The Avon
Longitudinal Study of Parents and Children (ALSPAC)
cohort consists of over 15,000 children from the southwest
of England that had expected dates of delivery between 1
April 1991 and 31 December 1992 (Golding et al. 2001).
From age 7, all children were invited annually for assess-
ments on a wide range of physical, behavioral, and
neuropsychological traits, including reading and language-
related measures. DNA is available for approximately
11,000 ALSPAC children while cognitive phenotypes are
available in 3,000–7,000 of those.
One Australian cohort is twin-based, but also includes
non-twin siblings, and was recruited in the greater Brisbane
area (McGregor et al. 1999). Genome-wide SNPs data and
phenotypes are available in >1,100 individuals.
Lastly, the Raine Study, is a pregnancy cohort that was
recruited in Western Australia around Perth (Newnham et
al. 1993). From the original cohort of women, 2,868 of
their children have been followed over the last two decades
with detailed assessments performed every 2 to 3 years.
Both genome-wide SNPs data and cognitive measures are
available in >500 individuals.
KIAA0319 was the first gene to be analysed in
population-based samples and was found to be associated
with measures of single word reading or single word
spelling in both the ALSPAC (Paracchini et al. 2008) and
the Australian twin cohort (Luciano et al. 2007). Both
studies reported association with the same SNPs and
haplotype previously reported to be associated with
dyslexia (Francks et al. 2004), but it has to be noted that
the associations in the Australian sample was with an
opposite allelic trend. Both studies concluded that the
KIAA0319 candidate gene for dyslexia contribute to the
general reading abilities, supporting the idea that dyslexia
can be considered as the lower tail of the phenotypic
distribution across the entire population. The Australian
twins have also been analysed for other dyslexia candidate
genes. DCDC2 was associated with measures of single
word reading and single word spelling but with SNPs that
differed from the original reports in clinical samples (Lind
et al. 2010). Associations with reading and spelling
measures were reported also for a SNP located in one
DYX1C1 exon, implying a putative functional effect (Bates
et al. 2010). However, this SNP (rs17819126) failed to
show association in previous studies (where it was named
271 G>A) (Taipale et al. 2003; Scerri et al. 2004).
Common variants spanning ROBO1 were also analysed in
this cohort for both reading and language measures (Bates
et al. 2011). Given the rarity of the dyslexia-associated
haplotype, ROBO1 has not been selected for replication and
this is the most comprehensive follow-up study for this
gene so far. The strongest signals were for non-word
reading and the related digit-span forward task assessing
verbal short-term memory while only weaker signals were
reported for the reading measures.
Single gene analysis for SLI candidates was conducted
for CNTNAP2 in the Raine sample (Whitehouse et al.
2011). The same pattern of SNP associations previously
reported for SLI (Vernes et al. 2008) was associated with
the early stages of language development in children from
the general population.
Two other studies analysed specific common variants
across different candidate genes. The first study was
conducted in the Australian Raine cohort and analysed
SNPs in candidate genes for dyslexia for association with
reading and spelling measures (Paracchini et al. 2010).
SNPs previously associated with dyslexia were selected for
DYX1C1, KIAA0319, DCDC2 and MRPL19/C2ORF3. An
initial signal in DYX1C1 was supported by associations
with other SNPs across this gene.
In the second study the same four dyslexia loci and
the two SLI candidates CMIP and ATP2C2 were tested
for association with different reading and language related
measures in the ALSPAC cohort (Scerri et al. 2011a).
KIAA0319, DCDC2 and CMIP showed association spe-
cifically with single word reading and single word
spelling. These observations suggest effects on specific
cognitive functions opposed to a contribution on multiple
traits. Therefore, this study does not support the hypoth-
esis that KIAA0319 contributes to language skills at
population level, but does not exclude that such effects
may be restricted to individuals with a background of
language impairment (Newbury et al. 2011; Rice et al.
2009). Similarly, CMIP and ATP2C2 did not show
association with language abilities in the general popula-
tion ALSPAC sample, while an association with non-word
repetition was detected in an ALSPAC subgroup selected
for being language impaired (Newbury et al. 2009).
Instead, the association of CMIP with single word reading
is supported by similar findings in the SLIC cohort
(Newbury et al. 2011).
In summary quantitative analyses on cognitive measures
available for population-based cohorts have been useful for
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replicating genetic associations with candidate genes for
dyslexia and SLI discovered in clinical samples. In
addition, the availability of different phenotypes has helped
to interpret the associations and formulate novel hypothesis
about the cognitive functions controlled by these genes.
Beyond replicating associations
Two recent studies illustrate further how population-based
cohorts can be used to dissect genetic associations with
cognitive traits (Scerri et al. 2011a, b). Both studies were
based on the ALSPAC sample that, given the large sample
size, has the power to apply explorative approaches. The
study that analysed both dyslexia and SLI candidate genes
addressed several questions in addition to testing for
association with different reading and language-related
traits (Scerri et al. 2011a). One of these questions was
whether the associations observed for KIAA0319, DCDC2
and CMIP were truly with general reading abilities in the
normal range or might have been driven by the individuals
with the most severe phenotypes. To test this hypothesis a
subgroup of children meeting criteria for a dyslexia
diagnosis was identified and then excluded from quantita-
tive association analysis. While KIAA0319 and CMIP
showed the same degree of association with reading
abilities as in the initial sample, the associations with
DCDC2 tended to disappear suggesting that the signal
observed originally in the entire sample was actually due to
a small proportion of individuals meeting a clinical
diagnosis for dyslexia. This hypothesis was supported by
a case-control analysis conducted on the same subgroups of
children classified with dyslexia in the ALSPAC popula-
tion. The same subgroup of individuals meeting the
dyslexia criteria were compared with controls showing
high scores on the reading test. While KIAA0319 and CMIP
show weak or no association, DCDC2 yielded the strongest
signal supporting a specific role in contributing to dyslexia.
The same case-control setting allowed testing the effects of
comorbodity on the associations. The subgroup of children
with dyslexia was enlarged to include the children with
dyslexia together with SLI and/or ADHD. Case control
analysis with this larger sample led to stronger associations
with the DCDC2 gene. These results suggest it is important
not to exclude individuals with comorbidity for SLI or
ADHD when designing association studies of dyslexia.
Generally, comorbid individuals are excluded from ascer-
tainment to obtain samples as homogeneous as possible.
Conversely, these data would suggest that the effect of
genes on reading skills is the same even in the background
of clinically distinct disorders. If similar findings could be
generalised they may help to better understand the biology
of comorbidity, and in this case they would suggest that the
same cognitive deficit leads to reading impairment regard-
less of clinical classifications.
The second study was carried out using ALSPAC as a
replication set for an association with handedness (Scerri et
al. 2011b). PCSK6 was found to be associated with a
quantitative measure of relative hand skill measured with
the peg-board test (Annett 1985) with a GWAS conducted
in individuals with dyslexia. PCSK6 is a very attractive
candidate for handedness because of a known interaction
with NODAL in establishing left–right asymmetries early
in development. The same gene showed a weak trend of
association in an independent sample of individuals with
dyslexia. Not many other samples are available with both
reading and peg-board measures and ALSPAC, being one
of those, was selected for further replication. Therefore,
analysis was conducted in the same subgroup of individuals
with dyslexia described in the previous study (Scerri et al.
2011a). Not only did PCSK6 yield a significant association
with handedness in this subgroup providing a robust
replication, but it also led to a very intriguing finding.
Analysis of PCSK6 in the larger ALSPAC sample,
representing the general population, was still significant
but with an opposite allelic trend. Specifically, each copy of
the minor allele of the associated SNP (rs11855415, minor
allele frequency [MAF] ~20%) was associated with a
relative higher right-hand skill in individuals with dyslexia
and, conversely, the same allele was associated with a
reduced variability in relative hand skill in the population
sample. While the association in the general population
requires to be replicated in independent studies, it does
reinforce the observation that the effect of PCSK6 differs in
people with neurodevelopmental disorders (Fig. 1). For
many decades, researchers have tried to establish the
relationship between handedness and psychiatric disorders.
Handedness can be considered a reflection of cerebral
asymmetries and right-handedness implies a dominance of
the left hemisphere for motor function. Following Paul
Broca’s (1861) observation in 1861 of a patient whose
aphasia was caused by a left hemisphere lesion, there has
been significant interest in looking for a link between
language, laterality and handedness. Several theories have
been proposed to explain this link and handedness has been
suggested as a consequence of the evolution of language
(Corballis 1991). More recently, neuroimaging work has
shown that abnormal asymmetries are found in individual
with dyslexia (Leonard and Eckert 2008). Despite consid-
erable efforts, no convincing association has been found
between either hand preference or hand skill and neuro-
developmental disorders (Bishop 1990; Francks et al.
2003). The PCSK6 finding opens new line of investigations
to understand the link between handedness, cerebral
asymmetries and reading abilities and suggest that the
picture is more complex than what was anticipated and
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cannot be reduced to the simple measurement of left-
handed frequency among patients.
Genome-wide challenges
Generating genotype data for large samples is no longer an
issue from an experimental nor a financial point of view.
The real bottleneck in genetic studies is now becoming the
availability of samples properly phenotyped samples.
GWASs have been successful in mapping many disease-
associated genes but the success is largely dependent on
adequate sample sizes (Donnelly 2008). Genome-wide SNP
data are now available for the three cohorts described here
and it is important to consider how to handle these data.
While it would be tempting to use a genome-wide
analytical approach for cognitive traits, several issues need
to be considered. First of all, such cohorts were not
designed to conduct genome-wide scans for discovery
experiments and do not have adequate power to lead to
significant findings. Power calculations show that a sample
of 5,874 individuals is required to detect a genetic effect
contributing to at least 1% of the total phenotypic variation,
assuming a MAF of 10% (Purcell et al. 2003). ALSPAC in
principle would have the adequate power for detecting such
an effect but larger samples are required if multiple
phenotypes are entered in the analysis. Therefore, until
larger samples will be available, current population-based
cohorts should be used to follow-up established associa-
tions and test-specific hypothesises rather than conducting
discovery studies.
Concluding remarks
The identification of candidate genes associated with
reading and language disorders is an important milestone
in our understanding of the underlying biology (Smith et al.
2010). However, this is only an initial step and extensive
molecular characterisation is required to properly interpret
these associations. The use of population-based cohorts has
proved to be a useful tool to further dissect genetic
association. First of all, such cohorts represent valid tools
to replicate original association. In addition, the discovery
that some genetic variants associated with dyslexia do
influence reading abilities in the normal range of variation
provides significant support to the idea that dyslexia can be
viewed as the lower tail of a phenotypic distribution across
the population rather than a categorically defined condition.
Analysis with multiple cognitive traits that are available in
population cohorts can shift the association with a disorder
(i.e., dyslexia) to more subtle phenotypes (i.e., single world
reading) leading to a more precise mapping of the affected
cognitive function. These approaches can also help to
elucidate whether genes have a very restricted effect on
specific traits or impact more generally on cognition
according to the hypothesis of the generalist genes (Plomin
and Kovas 2005).
Language-related disorders are complex and caused by
the interplay of multiple factors of both genetic and
environmental origin. The genes described here are likely
to represent only a minor component of the causative
elements. It is essential to consider these elements together
with findings from other disciplines in order to start
visualizing the bigger picture. Functional imaging has
started to factor in genetic variants to evaluate directly
their impact on cognition. For example, CNTNAP2 variants
associated with autism (Alarcon et al. 2008; Arking et al.
2008) and language impairment (Vernes et al. 2008) have
recently been associated with frontal lobe connectivity
(Scott-Van Zeeland et al. 2010). Functional characterisation
of genes involved in rare and severe form of language
impairment, such as FOXP2, may help to elucidate
biological pathways relevant to milder and more common
forms of related disorders. Epigenetic regulation of gene
expression could play a role in neurodevelopmental
General population
Individuals with dyslexia
-0.30 -0.20 -0.10 0.00 0.10 0.20 0.30 0.40
Fig. 1 Representation of allelic trend for the association of PCSK6
with handedness. A quantitative measure for relative hand skill (PegQ)
is normally distributed in the population with a positive mean score.
PegQ is derived from measurements taken with the peg-board task
which assess the time taken by the subjects to move a row of pegs
from one location to another with the left hand (L) and right hand (R)
separately. From these data, PegQ is derived with the formula
2 L Rð Þ= Lþ Rð Þ½ , where a negative score indicates relative higher
skills with the left hand and a positive score indicates relative higher
skills with the right hand. Carriers of the minor allele of rs11855415
tend to be more skilled with their right hand if they have dyslexia,
while they tend to score around the mean of PegQ if they do not have
dyslexia (general population sample)
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disorders. Changes in DNAmethylation have been implicated
in processes like learning and memory through rapid and
dynamic changes (Tsankova et al. 2007). Disruption of the
epigenetic machinery in the brain leads to Rett Syndrome,
and increasing evidence is supporting the role of epigenetic
changes in neurodevelopmental conditions including mental
retardation and schizophrenia, making a strong case for an
involvement in language-related disorders. Therefore a
multidisciplinary approach and the integration of findings
from different research area are clearly a high priority in the
study of language disorders.
Acknowledgements The author was supported by the Wellcome Trust
[076566/Z/05/Z]; [075491/Z/04] and the Medical Research Council
[G0800523/86473]. The author thanks Dianne Newbury and Tom Scerri
for useful comments to the manuscript. The Merrill Advanced Studies
Center provided the opportunity to present and discuss this work at the
Annual Merrill conference.
Open Access This article is distributed under the terms of the Creative
Commons Attribution Noncommercial License which permits any
noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.
References
Alarcon M, Abrahams BS, Stone JL, Duvall JA, Perederiy JV, Bomar
JM, et al. Linkage, association, and gene-expression analyses
identify CNTNAP2 as an autism-susceptibility gene. Am J Hum
Genet. 2008;82(1):150–9.
Anitha A, Nakamura K, Yamada K, Suda S, Thanseem I, Tsujii M, et
al. Genetic analyses of roundabout (ROBO) axon guidance
receptors in autism. Am J Med Genet B Neuropsychiatr Genet.
2008;147B(7):1019–27.
Annett M. Left, right, hand and brain: the right shift theory. London:
Psychology Press; 1985.
Anthoni H, Zucchelli M, Matsson H, Muller-Myhsok B, Fransson I,
Schumacher J, et al. A locus on 2p12 containing the co-regulated
MRPL19 and C2ORF3 genes is associated to dyslexia. Hum Mol
Genet. 2007;16(6):667–77.
Arking DE, Cutler DJ, Brune CW, Teslovich TM,West K, Ikeda M, et al.
A common genetic variant in the neurexin superfamily member
CNTNAP2 increases familial risk of autism. Am J Hum Genet.
2008;82(1):160–4.
Bakkaloglu B, O’Roak BJ, Louvi A, Gupta AR, Abelson JF, Morgan
TM, et al. Molecular cytogenetic analysis and resequencing of
contactin associated protein-like 2 in autism spectrum disorders.
Am J Hum Genet. 2008;82(1):165–73.
Ballarati L, Recalcati MP, Bedeschi MF, Lalatta F, Valtorta C, Bellini
M, et al. Cytogenetic, FISH and array-CGH characterization of
a complex chromosomal rearrangement carried by a mentally
and language impaired patient. Eur J Med Genet. 2009;52
(4):218–23.
Barry JG, Yasin I, Bishop DV. Heritable risk factors associated with
language impairments. Genes Brain Behav. 2007;6(1):66–76.
Bates TC, Lind PA, Luciano M, Montgomery GW, Martin NG, Wright
MJ. Dyslexia and DYX1C1: deficits in reading and spelling
associated with a missense mutation. Mol Psychiatry; 2010;15
(12):1190–6
Bates TC, Luciano M, Medland SE, Montgomery GW, Wright
MJ, Martin NG. Genetic variance in a component of the
language acquisition device: ROBO1 polymorphisms asso-
ciated with phonological buffer deficits. Behav Genet.
2011;41(1):50–7.
Bishop DVM. Handedness and developmental disorder. Lavenham:
Mac Keith Press; 1990.
Bishop DV, North T, Donlan C. Nonword repetition as a behavioural
marker for inherited language impairment: evidence from a twin
study. J Child Psychol Psychiatry. 1996;37(4):391–403.
Brkanac Z, Chapman NH, Matsushita MM, Chun L, Nielsen K,
Cochrane E, et al. Evaluation of candidate genes for DYX1 and
DYX2 in families with dyslexia. Am J Med Genet B Neuro-
psychiatr Genet. 2007;144B(4):556–60.
Broca P. Remarques sur le siége de la faculté du language articulé,
suivies d’une observation d’aphémie (perte de la parole). Bull
Soc Anat. 1861;6:330–57.
Cope NA, Hill G, van den Bree M, Harold D, Moskvina V, Green EK,
et al. No support for association between dyslexia susceptibility 1
candidate 1 and developmental dyslexia. Mol Psychiatry.
2005a;10(3):237–8.
Cope N, Harold D, Hill G, Moskvina V, Stevenson J, Holmans P, et al.
Strong evidence that KIAA0319 on chromosome 6p is a
susceptibility gene for developmental dyslexia. Am J Hum
Genet. 2005b;76(4):581–91.
Corballis MC. The lopsided ape: evolution of the generative mind.
New York: Oxford University Press; 1991.
Couto JM, Gomez L, Wigg K, Ickowicz A, Pathare T, Malone M, et
al. Association of attention-deficit/hyperactivity disorder with a
candidate region for reading disabilities on chromosome 6p. Biol
Psychiatry. 2009;66(4):368–75.
Czamara D, Bruder J, Becker J, Bartling J, Hoffmann P, Ludwig KU,
et al. Association of a rare variant with mismatch negativity in a
region between KIAA0319 and DCDC2 in dyslexia. Behav
Genet. 2011;41(1):110–9.
Dahdouh F, Anthoni H, Tapia-Paez I, Peyrard-Janvid M, Schulte-
Korne G, Warnke A, et al. Further evidence for DYX1C1 as a
susceptibility factor for dyslexia. Psychiatr Genet. 2009;19
(2):59–63.
Deffenbacher KE, Kenyon JB, Hoover DM, Olson RK, Pennington
BF, DeFries JC, et al. Refinement of the 6p21.3 quantitative trait
locus influencing dyslexia: linkage and association analyses.
Hum Genet. 2004;115(2):128–38.
Dennis MY, Paracchini S, Scerri TS, Prokunina-Olsson L, Knight JC,
Wade-Martins R, et al. A common variant associated with
dyslexia reduces expression of the KIAA0319 gene. PLoS Genet.
2009;5(3):e1000436.
Donnelly P. Progress and challenges in genome-wide association
studies in humans. Nature. 2008;456(7223):728–31.
Elia J, Gai X, Xie HM, Perin JC, Geiger E, Glessner JT, et al. Rare
structural variants found in attention-deficit hyperactivity disor-
der are preferentially associated with neurodevelopmental genes.
Mol Psychiatry. 2010;15(6):637–46
Fisher SE, DeFries JC. Developmental dyslexia: genetic dissection
of a complex cognitive trait. Nat Rev Neurosci. 2002;3
(10):767–80.
Francks C, Fisher SE, Marlow AJ, MacPhie IL, Taylor KE,
Richardson AJ, et al. Familial and genetic effects on motor
coordination, laterality, and reading-related cognition. Am J
Psychiatry. 2003;160(11):1970–7.
Francks C, Paracchini S, Smith SD, Richardson AJ, Scerri TS, Cardon
LR, et al. A 77-kilobase region of chromosome 6p22.2 is associated
with dyslexia in families from the United Kingdom and from the
United States. Am J Hum Genet. 2004;75(6):1046–58.
Friedman JI, Vrijenhoek T, Markx S, Janssen IM, van der Vliet WA,
Faas BH, et al. CNTNAP2 gene dosage variation is associated
with schizophrenia and epilepsy. Mol Psychiatry. 2008;13
(3):261–6.
J Neurodevelop Disord (2011) 3:365–373 371
Galaburda AM, LoTurco J, Ramus F, Fitch RH, Rosen GD. From
genes to behavior in developmental dyslexia. Nat Neurosci.
2006;9(10):1213–7.
Golding J, Pembrey M, Jones R. ALSPAC—the Avon Longitudinal
Study of Parents and Children: I. Study methodology. Paediatr
Perinat Epidemiol. 2001;15(1):74–87.
Hannula-Jouppi K, Kaminen-Ahola N, Taipale M, Eklund R, Nopola-
Hemmi J, Kaariainen H, et al. The axon guidance receptor gene
ROBO1 is a candidate gene for developmental dyslexia. PLoS
Genet. 2005;1(4):e50.
Harold D, Paracchini S, Scerri T, Dennis M, Cope N, Hill G, et al.
Further evidence that the KIAA0319 gene confers susceptibility
to developmental dyslexia. Mol Psychiatry. 2006;11(12):1085–
91.
Jackman C, Horn ND, Molleston JP, Sokol DK. Gene associated with
seizures, autism, and hepatomegaly in an Amish girl. Pediatr
Neurol. 2009;40(4):310–3.
Lai CS, Fisher SE, Hurst JA, Vargha-Khadem F, Monaco AP. A
forkhead-domain gene is mutated in a severe speech and
language disorder. Nature. 2001;413(6855):519–23.
Leonard CM, Eckert MA. Asymmetry and dyslexia. Dev Neuro-
psychol. 2008;33(6):663–81.
Lesch KP, Timmesfeld N, Renner TJ, Halperin R, Roser C, Nguyen
TT, et al. Molecular genetics of adult ADHD: converging
evidence from genome-wide association and extended pedigree
linkage studies. J Neural Transm. 2008;115(11):1573–85.
Lind PA, Luciano M, Wright MJ, Montgomery GW, Martin NG, Bates
TC. Dyslexia and DCDC2: normal variation in reading and
spelling is associated with DCDC2 polymorphisms in an
Australian population sample. Eur J Hum Genet. 2010;18
(6):668–73.
Luciano M, Lind PA, Duffy DL, Castles A, Wright MJ, Montgomery
GW, et al. A Haplotype spanning KIAA0319 and TTRAP is
associated with normal variation in reading and spelling ability.
Biol Psychiatry. 2007;62(7):811–7.
Ludwig KU, Schumacher J, Schulte-Korne G, Konig IR, Warnke A,
Plume E, et al. Investigation of the DCDC2 intron 2 deletion/
compound short tandem repeat polymorphism in a large German
dyslexia sample. Psychiatr Genet. 2008;18(6):310–2.
Marino C, Citterio A, Giorda R, Facoetti A, Menozzi G, Vanzin L, et al.
Association of short-termmemory with a variant within DYX1C1 in
developmental dyslexia. Genes Brain Behav. 2007;6(7):640–6.
McArthur GM, Hogben JH, Edwards VT, Heath SM, Mengler ED. On
the “specifics” of specific reading disability and specific
language impairment. J Child Psychol Psychiatry. 2000;41
(7):869–74.
McGregor B, Pfitzner J, Zhu G, Grace M, Eldridge A, Pearson J, et al.
Genetic and environmental contributions to size, color, shape,
and other characteristics of melanocytic naevi in a sample of
adolescent twins. Genet Epidemiol. 1999;16(1):40–53.
Meng H, Hager K, Held M, Page GP, Olson RK, Pennington BF, et al.
TDT-association analysis of EKN1 and dyslexia in a Colorado
twin cohort. Hum Genet. 2005a;118(1):87–90.
Meng H, Smith SD, Hager K, Held M, Liu J, Olson RK, et al. DCDC2
is associated with reading disability and modulates neuronal
development in the brain. Proc Natl Acad Sci U S A. 2005b;102
(47):17053–8.
Newbury DF, Monaco AP. Genetic advances in the study of speech
and language disorders. Neuron. 2010;68(2):309–20.
Newbury DF, Bishop DV, Monaco AP. Genetic influences on language
impairment and phonological short-term memory. Trends Cogn
Sci. 2005;9(11):528–34.
Newbury DF, Winchester L, Addis L, Paracchini S, Buckingham LL,
Clark A, et al. CMIP and ATP2C2 modulate phonological short-
term memory in language impairment. Am J Hum Genet.
2009;85(2):264–72.
Newbury DF, Paracchini S, Scerri TS,Winchester L, Addis L,Walter J, et
al. Investigation of dyslexia and SLI risk variants in reading and
language-impaired subjects. Behav Genet. 2011;41(1):90–104.
Newnham JP, Evans SF, Michael CA, Stanley FJ, Landau LI. Effects
of frequent ultrasound during pregnancy: a randomised controlled
trial. Lancet. 1993;342(8876):887–91.
Nopola-Hemmi J, Myllyluoma B, Haltia T, Taipale M, Ollikainen V,
Ahonen T, et al. A dominant gene for developmental dyslexia on
chromosome 3. J Med Genet. 2001;38(10):658–64.
Paracchini S, Thomas A, Castro S, Lai C, Paramasivam M, Wang Y, et
al. The chromosome 6p22 haplotype associated with dyslexia
reduces the expression of KIAA0319, a novel gene involved in
neuronal migration. Hum Mol Genet. 2006;15(10):1659–66.
Paracchini S, Scerri T, Monaco AP. The genetic lexicon of dyslexia.
Annu Rev Genomics Hum Genet. 2007;8:57–79.
Paracchini S, Steer CD, Buckingham LL, Morris AP, Ring S, Scerri T,
et al. Association of the KIAA0319 dyslexia susceptibility gene
with reading skills in the general population. Am J Psychiatry.
2008;165(12):1576–84.
Paracchini S, Ang QW, Stanley FJ, Monaco AP, Pennell CE,
Whitehouse AJ. Analysis of dyslexia candidate genes in the
Raine cohort representing the general Australian population.
Genes Brain Behav. 2010;10(2):158–65.
Pennington BF, Bishop DV. Relations among speech, language, and
reading disorders. Annu Rev Psychol. 2009;60:283–306.
Plomin R, Kovas Y. Generalist genes and learning disabilities. Psychol
Bull. 2005;131(4):592–617.
Poot M, Beyer V, Schwaab I, Damatova N, Van’t Slot R, Prothero J, et
al. Disruption of CNTNAP2 and additional structural genome
changes in a boy with speech delay and autism spectrum disorder.
Neurogenetics. 2010;11(1):81–9.
Purcell S, Cherny SS, Sham PC. Genetic power calculator: design of
linkage and association genetic mapping studies of complex
traits. Bioinformatics. 2003;19(1):149–50.
Rice ML, Smith SD, Gayan J. Convergent genetic linkage and
associations to language, speech and reading measures in families
of probands with specific language impairment. J Neurodev
Disord. 2009;1(4):264–82.
Rossi E, Verri AP, Patricelli MG, Destefani V, Ricca I, Vetro A, et al. A
12 Mb deletion at 7q33–q35 associated with autism spectrum
disorders and primary amenorrhea. Eur J Med Genet. 2008;51
(6):631–8.
Scerri TS, Schulte-Korne G. Genetics of developmental dyslexia. Eur
Child Adolesc Psychiatry. 2010;19(3):179–97.
Scerri TS, Fisher SE, Francks C, MacPhie IL, Paracchini S,
Richardson AJ, et al. Putative functional alleles of DYX1C1
are not associated with dyslexia susceptibility in a large sample
of sibling pairs from the UK. J Med Genet. 2004;41(11):853–7.
Scerri TS, Morris AP, Buckingham LL, Newbury DF, Miller LL,
Monaco AP, et al. DCDC2, KIAA0319 and CMIP are associated
with reading-related traits. Biol Psychiatry 2011a.
Scerri TS, Brandler WM, Paracchini S, Morris AP, Ring SM, Talcott
JB, et al. PCSK6 is associated with handedness in individuals
with dyslexia. Hum Mol Genet. 2011b;20(3):608–14.
Schumacher J, Anthoni H, Dahdouh F, Konig IR, Hillmer AM, Kluck
N, et al. Strong genetic evidence of DCDC2 as a susceptibility
gene for dyslexia. Am J Hum Genet. 2006;78(1):52–62.
Scott-Van Zeeland AA, Abrahams BS, Alvarez-Retuerto AI,
Sonnenblick LI, Rudie JD, Ghahremani D, et al. Altered
functional connectivity in frontal lobe circuits is associated
with variation in the autism risk gene CNTNAP2. Sci Transl
Med. 2010;2(56):56–80.
Skuse DH, James RS, Bishop DV, Coppin B, Dalton P, Aamodt-Leeper
G, et al. Evidence from Turner’s syndrome of an imprinted X-
linked locus affecting cognitive function. Nature. 1997;387
(6634):705–8.
372 J Neurodevelop Disord (2011) 3:365–373
SLI Consortium. A genomewide scan identifies two novel loci
involved in specific language impairment. Am J Hum Genet.
2002;70(2):384–398.
Smith SD. Genes, language development, and language disorders.
Ment Retard Dev Disabil Res Rev. 2007;13(1):96–105.
Smith SD, Grigorenko E, Willcutt E, Pennington BF, Olson RK,
DeFries JC. Etiologies and molecular mechanisms of com-
munication disorders. J Dev Behav Pediatr. 2010;31(7):555–
63.
Snowling M, Bishop DV, Stothard SE. Is preschool language
impairment a risk factor for dyslexia in adolescence? J Child
Psychol Psychiatry. 2000;41(5):587–600.
SteinMB, YangBZ, Chavira DA,Hitchcock CA, Sung SC, Shipon-Blum
E, et al. A common genetic variant in the neurexin superfamily
member CNTNAP2 is associated with increased risk for selective
mutism and social anxiety-related traits. Biol Psychiatry. 2011;69
(9):825–31.
Strauss KA, Puffenberger EG, Huentelman MJ, Gottlieb S, Dobrin SE,
Parod JM, et al. Recessive symptomatic focal epilepsy and mutant
contactin-associated protein-like 2. N Engl J Med. 2006;354
(13):1370–7.
Taipale M, Kaminen N, Nopola-Hemmi J, Haltia T, Myllyluoma B,
Lyytinen H, et al. A candidate gene for developmental dyslexia
encodes a nuclear tetratricopeptide repeat domain protein
dynamically regulated in brain. Proc Natl Acad Sci U S A.
2003;100(20):11553–8.
Tsankova N, Renthal W, Kumar A, Nestler EJ. Epigenetic regulation in
psychiatric disorders. Nat Rev Neurosci. 2007;8(5):355–67.
Verkerk AJ, Mathews CA, Joosse M, Eussen BH, Heutink P, Oostra
BA. CNTNAP2 is disrupted in a family with Gilles de la Tourette
syndrome and obsessive compulsive disorder. Genomics.
2003;82(1):1–9.
Vernes SC, Newbury DF, Abrahams BS, Winchester L, Nicod J, Groszer
M, et al. A functional genetic link between distinct developmental
language disorders. N Engl J Med. 2008;359(22):2337–45.
Whitehouse AJ, Bishop DV, Ang QW, Pennell CE, Fisher SE.
CNTNAP2 variants affect early language development in the
general population. Genes Brain Behav. 2011.
Wigg KG, Couto JM, Feng Y, Anderson B, Cate-Carter TD, Macciardi
F, et al. Support for EKN1 as the susceptibility locus for dyslexia
on 15q21. Mol Psychiatry. 2004;9(12):1111–21.
Wigg KG, Couto JM, Feng Y, Crosbie J, Anderson B, Cate-Carter T, et
al. Investigation of the relationship of attention deficit hyperac-
tivity disorder to the EKN1 gene on chromosome 15q21. Sci Stud
Reading. 2005;9(3):261–83.
Williams J, O'Donovan MC. The genetics of developmental dyslexia.
Eur J Hum Genet. 2006;14(6):681–9.
Zweier C, de Jong EK, Zweier M, Orrico A, Ousager LB, Collins AL,
et al. CNTNAP2 and NRXN1 are mutated in autosomal-recessive
Pitt–Hopkins-like mental retardation and determine the level of a
common synaptic protein in Drosophila. Am J Hum Genet.
2009;85(5):655–66.
J Neurodevelop Disord (2011) 3:365–373 373
